Sloboda DD, Brooks SV. Reactive oxygen species generation is not different during isometric and lengthening contractions of mouse muscle. Am J Physiol Regul Integr Comp Physiol 305: R832-R839, 2013. First published August 15, 2013 doi:10.1152/ajpregu.00299.2013.-Skeletal muscles can be injured by lengthening contractions, when the muscles are stretched while activated. Lengthening contractions produce structural damage that leads to the degeneration and regeneration of damaged muscle fibers by mechanisms that have not been fully elucidated. Reactive oxygen species (ROS) generated at the time of injury may initiate degenerative or regenerative processes. In the present study we hypothesized that lengthening contractions that damage the muscle would generate more ROS than isometric contractions that do not cause damage. To test our hypothesis, we subjected muscles of mice to lengthening contractions or isometric contractions and simultaneously monitored intracellular ROS generation with the fluorescent indicator 5-(and-6)-chloromethyl-2=,7=-dichlorodihydrofluorescein (CM-DCFH), which is oxidized by ROS to form the fluorescent product CM-DCF. We found that CM-DCF fluorescence was not different during or shortly after lengthening contractions compared with isometric controls, regardless of the amount of stretch and damage that occurred during the lengthening contractions. The only exception was that after severe stretches, the increase in CM-DCF fluorescence was impaired. We conclude that lengthening contractions that damage the muscle do not generate more ROS than isometric contractions that do not cause damage. The implication is that ROS generated at the time of injury are not the initiating signals for subsequent degenerative or regenerative processes.
SKELETAL MUSCLES can be injured by lengthening contractions, when the muscles are stretched while activated. Lengthening contractions produce immediate ultrastructural damage within muscle fibers, and the damage is accompanied by a deficit in force generation. In the hours, days, and weeks following the initial injury, inflammatory cells invade the tissue and muscle fibers undergo a process of degeneration, necrosis, and regeneration (45) . The cellular and molecular mechanisms by which the initial injury initiates degenerative and regenerative processes remain incompletely understood. Understanding these mechanisms may reveal key therapeutic targets for restricting degeneration or enhancing regeneration for individuals whose muscles do not fully recover after injury due to advanced age (5, 35) , disease (8, 39, 19) , or severe trauma (43) .
Reactive oxygen species (ROS) generated at the time of initial injury may contribute to degenerative or regenerative processes. ROS can cause direct damage to macromolecules, including proteins and lipids (3) or act indirectly via a wide variety of pathways to influence gene transcription and expression (1, 14) . In muscle, ROS signaling is thought to affect many processes that could contribute to degeneration or regeneration following injury, including protein degradation, autophagy, cell death, inflammation, cell proliferation, cell differentiation, and mitochondrial biogenesis (2, 33) . Despite the potential involvement of ROS or ROS signaling in degenerative or regenerative processes following the initial injury, ROS generation at the time of the initial injury has not been studied. Therefore, the main objective of our study was to examine ROS generation at the time of the initial injury, during lengthening contractions that damage the muscle.
Our expectation that lengthening contractions would generate ROS is supported by reports of increased ROS production within skeletal muscle fibers during contractions (20, 29, 37, 44, 51) . Contraction-induced ROS generation has been attributed to nonmitochondrial sources (26, 47) and specifically, NADPH oxidase has been implicated (21, 40) . ROS production has also been reported during passive stretches of skeletal muscle fibers and cardiac myocytes (7, 28, 34) . Although ROS production during passive stretches is not a universal finding (15, 28) , it is conceivable that lengthening contractions that involve both stretch and activation generate more ROS than during activation alone. Accordingly, we hypothesized that damaging lengthening contractions would generate more ROS than isometric contractions that do not cause damage. To test the hypothesis, we subjected muscles of mice to lengthening contractions (LC) or isometric contractions (IC) and simultaneously monitored intracellular ROS generation with the fluorescent indicator 5-(and-6)-chloromethyl-2=,7=-dichlorodihydrofluorescein (CM-DCFH), which is oxidized by ROS to form the fluorescent product 5-(and-6-)chloromethyl-2=,7=-dichlorofluorescein (CM-DCF). Passive stretches (PS), i.e., stretches without activation, were also administered to examine the degree to which increased CM-DCF fluorescence during lengthening contractions may represent an additive effect of ROS generation during stretch plus ROS generation during muscle activation.
METHODS

Animals.
Male C57BL/6J mice, 7-9 mo of age (retired breeders), were purchased from the Jackson Laboratory and housed in a specificpathogen-free facility at the University of Michigan. The mice weighed 32 Ϯ 3 g (means Ϯ SD, N ϭ 59). On the day of an experiment, a mouse was anesthetized with an intraperitoneal injection of Avertin (tribromoethanol, 250 mg/kg) (chemical components from Sigma-Aldrich, St. Louis, MO). After the mouse was unresponsive to tactile stimuli, one forepaw was removed and the mouse was euthanized with an overdose of Avertin followed by induction of a bilateral pneumothorax. All animal use procedures were approved by the University of Michigan Committee on the Use and Care of Animals (UCUCA).
Lumbrical muscle preparation. All experiments were conducted in vitro using forepaw lumbrical (LMB) muscles. The extremely small LMB muscle offers the diffusion benefits of an isolated single fiber while providing a model of whole muscle with intact extracellular matrix and tendons (27) . The forepaw was pinned in a shallow dish filled with Tyrode "dissection" solution composed of (in mM) 136.5 NaCl, 11.9 NaHCO 3, 5.0 KCl, 1.8 CaCl2, 0.5 MgCl2, 0.4 NaH2PO4, and 0.1 EDTA. A whole LMB muscle was dissected free from the third digit relative to the medial side of the paw and cleaned of as much connective tissue as possible to facilitate subsequent visualization of fiber striations. Monofilament nylon suture (USP 10/0, Ashaway Line & Twine) was used to tie the LMB muscle into an experimental chamber, with the proximal tendon attached to a highspeed length controller (318B, Aurora Scientific) and the distal tendon attached to a force transducer (400A, Aurora Scientific). Ties were placed as close to muscle fibers as possible to minimize effects of tendon compliance. The chamber was perfused with Tyrode "experiment" solution (in mM): 121 NaCl, 24 NaHCO 3, 5.5 glucose, 5.0 KCl, 1.8 CaCl2, 0.5 MgCl2, 0.4 NaH2PO4, and 0.1 EDTA. Tyrode solutions were made with chemicals purchased from Sigma-Aldrich. The solution was bubbled with 95% O2-5% CO2 to maintain a pH of 7.3. The temperature of the solution was maintained at 25°C.
The chamber was placed on the stage of an inverted microscope (Axiovert 100, Carl Zeiss Microscopy) and fiber striations were visible through the transparent bottom of the chamber. A video sarcomere length system (900B-5A, Aurora Scientific) monitored striation spacing and reported sarcomere length. For all muscles, fiber length (L f) was calculated as previously described (10) . Because LMB fibers are arranged parallel to the long axis of the muscle, the number of sarcomeres in series within a fiber can be inferred by changing the muscle length by a known amount and measuring the resulting change in sarcomere length. The number of sarcomeres in series is then multiplied by 2.5 m to calculate L f. After the Lf was calculated, the length of the muscle was adjusted until the sarcomere length was 2.5 m (i.e., optimal length).
CM-DCF fluorescence measurements. A rectangular aperture with adjustable dimensions was placed in the image path between the muscle and the photodetector, allowing selection of the image area from which fluorescence measurements were obtained. The aperture was adjusted to select a region of the muscle image that was 0.12 mm ϫ 0.60 mm, equivalent to ϳ12% of the area occupied by the image. Fluorescence was elicited by light originating from a 75-W xenon lamp. A diffraction grating monochromator (Deltascan 4000, Photon Technology International) was used to select excitation wavelengths centered at 493 nm (bandwidth 2 nm). The excitation light was reflected through an angle of 90°by a dichroic mirror and passed through the microscope objective before reaching the muscle. The emitted fluorescence was collected by the objective and passed through the dichroic mirror and a band-pass filter (535 Ϯ 20 nm) and detected using a photomultiplier detection system (814, Photon Technology International). The dichroic mirror reflected wavelengths shorter than 505 nm and passed those longer than 505 nm. Fluorescence was measured before any indicator was loaded to determine background fluorescence.
Loading of CM-DCFH and measuring CM-DCF fluorescence were performed at 25°C and experiments were conducted in a darkened laboratory room to minimize photobleaching of the indicator and contaminating room light from reaching the photodetector. CM-H2DCF-DA (C6827, Life Technologies, Carlsbad, CA) was dissolved in ethanol and combined with Tyrode dissection solution containing 0.1% (vol/vol) Pluronic F-127 (P-6866, Life Technologies) to facilitate suspension of CM-H2DCF-DA. The final concentration of the CM-H2DCF-DA solution was 15 M. The CM-H2DCF-DA solution was added to the chamber and 30 min were allowed for passive diffusion of CM-H2DCF-DA into muscle fibers and conversion to the retained form, CM-DCFH, by intracellular esterases. After 30 min, the chamber was perfused with Tyrode experiment solution for 5 min to remove residual CM-H2DCF-DA. Perfusion with Tyrode experiment solution continued during the CM-DCF measurements. CM-DCF fluorescence was monitored continuously (10 samples/s) for 3 min before the onset of IC, LC, or PS to establish a baseline. CM-DCF fluorescence was then monitored during IC, LC, or PS, and for 5 min afterward. Muscles remained in the dark for 5 more min before the final isometric contraction was elicited (see Isometric contractions).
Preliminary experiments suggested that 15 M of CM-H2DCF-DA was more than sufficient for our study. When hydrogen peroxide was added to the chamber after a typical experiment, the DCF fluorescence increased by as much as 15-fold, indicating that only a small portion of the probe was oxidized during any given experiment and that our ability to detect ROS was not limited by a shortage of unoxidized probe within the muscle.
Isometric contractions. Muscle activation was accomplished by electric field stimulation via platinum plate electrodes. Stimulus pulses were 0.2 ms in duration and the stimulation current was adjusted to elicit maximum twitch force. The muscle was subjected to a single isometric contraction to establish "preprotocol force." After the muscle was loaded with CM-DCFH, the muscle was subjected to a protocol of 12 isometric tetanic contractions spaced 8 s apart. Each tetanus was 400 ms in duration, and the stimulus pulses within each tetanus were delivered at a rate of 200 s Ϫ1 . Force was recorded continuously throughout the contraction protocol. A single isometric tetanus was elicited 10 min after the twelfth contraction to assess the deficit in isometric force in the absence of fatigue. Force deficit was Lengthening contractions and passive stretches. Muscles exposed to LC were treated the same as muscles exposed to IC, except that a stretch was initiated at the beginning of the 400-ms stimulation period. Muscles were lengthened at the appropriate rate to cause the peak of the stretch to coincide with the end of the tetanic stimulation. In one series of experiments, muscles were stretched by 40% L f at a rate of 1 Lf/s, and in a second series of experiments, muscles were stretched by 10, 30, or 50% Lf at rates of 0.25, 0.75, or 1.25 Lf/s, respectively. Muscles exposed to PS were treated the same as muscles exposed to LC, except that the muscles were not activated.
Large strains relative to L f were chosen to ensure that muscles would be damaged during lengthening contractions (6) . Strains as large as 30 -50% relative to fascicle length (an estimate of L f) have been reported in vivo for human gastrocnemius muscles during dorsiflexion (41, 16) and vastus lateralis muscles during knee flexion (12) . Modeling studies incorporating subject data have also found that fascicles actively lengthened as much as 37% (splenius capitis) and 50% (semispinalis capitis) during low-velocity automobile impacts (46) , and 64% near the myotendinous junction of the biceps femoris muscle (36) . Similar strains have been reported for passive stretches of biceps femoris and gastrocnemius muscle (9, 16, 41) . LMB muscles likely do not experience large strains in vivo but can be considered models for other muscles.
Isometric contractions after lengthening contractions. For some LMB muscles, a series of IC was elicited 10 min after the twelfth lengthening contraction, according to the activation protocol described above for Isometric contractions. During the intervening 10 min, no additional CM-H 2DCF-DA was added to the chamber. CM-DCF fluorescence was collected for 2 min before the onset of IC to reestablish baseline oxidation, and CM-DCF fluorescence monitoring continued during the series of IC.
GSHEE experiments. To confirm that CM-DCF fluorescence was sensitive to intracellular changes in ROS, ROS generation was measured in the presence of glutathione reduced ethyl ester (GSHEE). LMB muscles were prepared and tested as previously described with the following exceptions. After the preprotocol force was measured, dissection solution containing 2.5 mM GSHEE (G1404, Sigma-Aldrich) was added to the chamber. LMB muscles were exposed to GSHEE for 1 h before exposure to 15 M CM-H2DCF-DA solution for 30 min. To remove residual CM-H 2DCF-DA, fresh dissection solution was added to the chamber before isometric contractions were initiated. GSHEE was present during CM-DCFH loading and during the contractions. To conserve GSHEE, the chamber was not perfused with solution during contractions. With the absence of perfusion, we observed greater baseline CM-DCF fluorescence compared with the baseline fluorescence when solution was flowing (Table 1) , possibly due to lower rates of leakage of the indicator from the muscles. Control muscles were treated the same as muscles exposed to GSHEE, except that GSHEE was not present.
Muscle cross-sectional area measurements. After testing was completed, muscles were maintained at optimal length while the testing chamber was placed on the stage of a stereo microscope (MZ8, Leica Microsystems). The diameter of the muscle was measured using a scale in the eye piece of the microscope and the cross-sectional muscle area (CSA) was estimated by assuming a circular crosssection.
Data analysis. ROS oxidize CM-DCFH to form the fluorescent product CM-DCF, and the net increase in ROS over time is indicated by the increase in CM-DCF fluorescence over time (21, 29, 42) . Therefore, we determined the "CM-DCF slope" (i.e., slope of the CM-DCF fluorescence-versus-time plot) during a resting period and during IC. To quantify the change in slope with the onset of contractions, we subtracted the slope of a line fitted to the baseline portion of the CM-DCF fluorescence record (see dashed line in Fig. 2 ) from the slope of a line fitted to the portion of the record corresponding to the series of contractions (see dotted line in Fig. 2) . We considered only the CM-DCF fluorescence measurements collected after each contraction (i.e., after the force returned to the baseline value) to prevent motion artifact from affecting the analysis. Background fluorescence was subtracted from the CM-DCF fluorescence record before the slopes were calculated. The analysis was the same for muscles subjected to lengthening contractions and passive stretches.
Statistics. Data are presented as means Ϯ SD. Differences between experimental groups were analyzed by a Student's t-test or a one-way ANOVA followed by the Holm-Sidak method to determine which Fig. 1 . Representative force responses during a single isometric contraction, lengthening contraction, and passive stretch. Imposed length change and activation stimuli are also shown. Fig. 2 . Representative force responses during series of 12 isometric contractions (IC), lengthening contractions (LC), and passive stretches (PS) and simultaneous 5-(and-6-)chloromethyl-2=,7=-dichlorofluorescin (CM-DCF) records. Lines were fit to the CM-DCF fluorescence signal during a resting period (dashed line) and during the contractions (dotted line) and the slopes were calculated. The same analysis was performed for LC and PS protocols. means were significantly different. In the case of skewed distributions or unequal variance, a Mann-Whitney rank sum test or a KruskalWallis one-way ANOVA on ranks was used. Correlation between two variables was determined by calculating the Pearson product-moment correlation coefficient. Differences were considered statistically significant when P Ͻ 0.05.
RESULTS
To test our hypothesis that lengthening contractions that damage the muscle generate more ROS than isometric contractions, we subjected LMB muscles to LC or IC, with PS as an additional control, and examined changes in CM-DCF slope (Figs. 1-3 ). As expected, LC caused muscle damage as indicated by a ϳ30% force deficit, whereas IC and PS produced no or minimal force deficits, respectively (Fig. 3A) . The CM-DCF slope increased during IC and LC relative to baseline slopes; however, the increase observed with the onset of LC was not greater than the increase observed with the onset of IC (Fig.  3B) . We did not detect a change in CM-DCF slope with the onset of PS (Fig. 3B ) and so we excluded PS from subsequent experiments.
Since we did not find that LC increased the CM-DCF slope more than IC, we completed a second series of experiments to verify the result was not due to insufficient or excessive stretch. We subjected LMB muscles to lengthening contraction protocols with the magnitude of stretch ranging from 30 to 50% L f , including 0% L f (i.e., IC) as a control, and we examined changes in CM-DCF slope (Fig. 4) . As expected, the force deficit increased as the degree of stretch increased (Fig. 4A) . However, despite the large range of stretch and damage among groups, there were no differences in the change in CM-DCF slope with the onset of LC (Fig. 4B) . In case the effects of LC were not immediately apparent, we also examined the CM-DCF slope 10 min after LC during an additional isometric contraction protocol. Before the isometric contraction protocol, the baseline DCF slope was not different between injured and uninjured muscles. In contrast, we found that the change in CM-DCF slope with the onset of contractions was significantly less in muscles initially stretched by 50% L f (Fig. 4C) , and within this group the force deficit and the change in CM-DCF slope were negatively correlated (Fig. 4D) . Overall, the second Fig. 4 . Effect of LC on force deficit (A) and change in CM-DCF slope (B) for stretches of several magnitudes expressed as a percentage of muscle fiber length (%Lf). Force deficits are expressed as a percentage of the preprotocol force, and each symbol represents data from an individual muscle. Horizontal lines indicate the mean force deficit for each group. LC with 30% and 50% stretches produced force deficits, while LC with 10% and 0% stretches did not. *Significant difference from 0% and 10% groups; and #Significant difference from 30% group. Changes in the slope of the CM-DCF fluorescence are expressed in photon counts per second per second and each bar indicates the mean Ϯ SD. There were no differences between groups. Changes in CM-DCF slope during IC performed 10 min after LC with stretches of several magnitudes (C). Each bar indicates the mean Ϯ SD. *Significant difference from 0% group. Negative correlation between the change in CM-DCF slope 10 min after LC (stretches of 50% Lf) and the force deficit (D). Each symbol represents data from an individual muscle. The numbers of LMB muscles are the following: 8 (0%), 6 (10%), 6 (30%), and 7 (50%).
series of experiments confirmed our finding that LC did not increase CM-DCF slope more than IC.
To confirm that CM-DCF slope was sensitive to ROS in LMB muscles, we conducted a third series of experiments. CM-DCF slope was examined after LMB muscles were exposed to GSHEE. GSHEE is converted to the antioxidant GSH once it crosses the cell membrane and decreases contractioninduced ROS generation in single muscle fibers (29) . GSHEE decreased both the baseline CM-DCF slope (Fig. 5A ) and the change in CM-DCF slope with the onset of IC compared with controls (Fig. 5B) . GSHEE exposure did not reduce force (Fig.  5C) indicating that GSHEE did not damage LMB muscles or impair muscle activation. These results suggest that the decrease in CM-DCF slope was due to an increase in GSH content, not impaired muscle function, and verified that CM-DCF slope is sensitive to net changes in ROS in whole LMB muscles.
Finally, our findings were not due to intrinsic differences among experimental groups. Before IC, LC, or PS, there were no differences in muscle size (i.e., fiber length and CSA), preprotocol force, or baseline CM-DCF slope among experimental groups, except for a difference in baseline CM-DCF between muscles exposed to GSHEE relative to controls (Table 1) .
DISCUSSION
The main finding of the present study is that, contrary to our hypothesis, lengthening contractions that damage muscle do not generate more ROS than isometric contractions that do not cause damage. This finding is supported by the observation that lengthening contraction protocols with stretches of 30, 40, and 50% L f clearly damaged mouse LMB muscles as shown by deficits in isometric force, but the increase in CM-DCF slope associated with each of the lengthening contraction protocols was not different from the increase associated with isometric contractions.
Our main finding is consistent with other studies. Kon and colleagues (17) quantified thiobarbituric acid reactive substances (TBARS) levels in mouse tibialis anterior (TA) muscles immediately after 12 min of lengthening contractions in situ. TBARS were elevated after the lengthening contractions, but the increase was not different from the increase observed after shortening contractions (17) . Another in situ study analyzed 2=,7=-dichlorofluorescein (DCF) fluorescence, melondialdehyde (MDA) levels, glutathione, and antioxidant enzyme activity in muscle homogenates immediately after single lengthening contractions of rabbit TA muscles. DCF fluorescence and MDA levels were not elevated in injured muscles compared with sham controls, and glutathione content and antioxidant enzyme activity did not appear to differ between injured muscles and controls (4) . Neither of these studies examined ROS generation during the lengthening contractions, but measures of ROS were not elevated shortly after lengthening contractions beyond control levels and are therefore consistent with our main finding. Several studies report an elevation in ROS after injury, but these studies do not conflict with ours since the elevation is observed hours to days after the initial injury and is primarily attributed to invading inflammatory cells (17, 20, 25, 32) .
Although our observation that ROS levels during damaging and nondamaging contraction protocols were not different suggests that a change in the magnitude of ROS generation at the time of injury is not an initiating signal for subsequent inflammation, degeneration, necrosis, or regeneration, our data do not completely rule out a role for ROS in the initiation of degenerative or regenerative processes after injury. ROS indicators based on DCFH or DCFH derivatives are sensitive to a variety of ROS and oxidizing reactions (50) . Therefore, the possibility remains that variations in the specific ROS generated by isometric and lengthening contractions may be different although the overall magnitude of detected ROS was not. Moreover, DCFH-based indicators are generally not sensitive to superoxide and show variable sensitivities to nitric oxide and peroxynitrite (50) , allowing for the possibility that some ROS vary between isometric and lengthening contractions but were not detected by CM-DCFH in the present study. The fact that a variety of ROS measures failed to show differences after lengthening contractions versus controls argues against this possibility (4, 17) . ROS are not only generated within muscle fibers (18, 29, 37, 44, 51) but are also released from muscle during contractions (31, 38, 44) . ROS released from muscle fibers may contribute to degenerative or regenerative processes following injury, based on the modulation of injury caused by manipulation of extracellular antioxidants (30, 49) . Because CM-DCFH is retained within the muscle fibers, released ROS were not detected in the present study, and we are unable to rule out the possibility that extracellular ROS are involved in the initiation of downstream processes after injury.
An additional finding of our study was that muscles that were initially exposed to lengthening contractions with stretches of 50% L f showed reduced ROS generation during a subsequent series of isometric contractions compared with controls. Moreover, within this experimental group, there was a negative correlation between the force deficit induced by the stretches of 50% L f and the change in CM-DCF slope during the isometric contractions performed after 10 min. This observation indicates that greater damage correlated with less ROS generation during ensuing contractions. Although this relationship does not necessarily imply causation, if enough damage occurs during lengthening contractions (e.g., 60% force deficit as in the LC group with stretches of 50% L f ), the muscle's ability to produce ROS appears to be impaired. Force dropped steadily during the LC protocol with stretches of 50% L f , likely due to mechanical damage to force generating or force transmitting structures (11, 22) or the excitation-contraction coupling apparatus (13) , but this damage did not appear to immediately disrupt the pathways involved in ROS production, as the "ROS deficit" was not apparent until 10 min later. To our knowledge a link between muscle damage and an impaired ability to produce ROS has not been established and we cannot speculate regarding the mechanism at this time. The link between muscle damage and ROS generation may represent an interesting topic of exploration in future studies, although in vivo strains of ϳ50% relative to fiber (fascicle) length seem to indicate an upper limit (12, 16, 36, 41, 46) , and the result described here may only be applicable in rare instances of severe stretch.
Our hypothesis was partially based on the expectation that passive stretches would generate ROS, but we did not detect an increase in CM-DCF fluorescence during passive stretches. In agreement with our findings, passive stretches of single flexor digitorum brevis (FDB) fibers estimated to be of 10 -15% strain did not increase 6-carboxy-2=,7=-dichlorofluorescein fluorescence (15) or CM-DCF fluorescence (28), although contradictory findings have been reported. DCF fluorescence increased during stretches of 20% of whole extensor digitorum longus muscles (7), 15% of strain of C2C12 myotubes (7), and 8% stretch of cardiac myocytes (34) , and ethidium fluorescence was increased after 15% stretches of single FDB fibers (28) . Conflicting results may be due to variations in stretch protocols, indicators, and cell or muscle type, or ROS generation during passive stretch may sometimes fall below the detection limits of commonly used methods. In any case, our results suggest that any production of ROS elicited by passively stretching muscles is minimal compared with the ROS produced as a byproduct of contractile activity.
Our main finding that lengthening contractions do not generate more intracellular ROS than isometric contractions has several implications. First, the magnitude of intracellular ROS generated at the time of injury is probably not an initiating signal for subsequent inflammation, degeneration, necrosis, and regeneration, although other aspects of ROS generation (e.g., composition or localization) may be important. A second implication of our finding is that the sources responsible for contraction-induced ROS generation are not sensitive to stretch. Although we did not examine the source of ROS generation in the present study, others have suggested that nonmitochondrial sources (26, 47) and specifically, NADPH oxidase (21, 40) , contribute to ROS generation during muscle contractions. While NADPH oxidase appears to be stretch sensitive in cardiac muscle cells (34) , this may not be the case in skeletal muscle. Finally, our data suggest that ROS generation during muscle contraction is highly robust. The ability to produce ROS was intact during and immediately after damaging lengthening contractions, except under circumstances of large stretch and severe damage. One could speculate that beneficial adaptations thought to result from ROS production during contractions (24, 48) can occur despite moderate muscle damage.
Perspectives and Significance
Lengthening contractions are probably the most common cause of skeletal muscle injury. Although young and healthy muscles can completely recover after injury (5, 35) , recovery is often impaired with advanced age (5, 35) , disease (8, 19, 39) , and after severe damage, as indicated by the presence of scar tissue (43) . The aforementioned conditions can also make one more susceptible to injury (10, 23, 43, 49) . Thus cycles of injury and incomplete recovery may occur and contribute to progressive declines in muscle function. The mechanisms by which the initial injury initiates subsequent degenerative and regenerative process remain incompletely understood. Identifying these mechanisms may reveal key therapeutic targets for restricting degeneration or enhancing regeneration for susceptible individuals. Our current study argues against an increase in ROS in skeletal muscle cells as an initiating factor in degenerative and regenerative processes occurring following the initial injury and does not provide support for antioxidant interventions early on in the injury process. Given the importance of skeletal muscle function to quality of life, future work is warranted to elucidate key initiators of degenerative and regeneration processes following skeletal muscle injury.
